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The biologic effect of chronic thallium poisoning has been the subject of ex-
tensive studies. Buschke began his interesting experiments on animals in 1900 
and published many papers about the various phases of this work, especially in 
cooperation with Peiser. He summarized his views on the biologic and clinical 
outlook of the newer thallium research in November, 1939 (1). Such a long 
preoccupation with the subject is not surprising, since chronic thallium poisoning, 
especially of the rat, produces unusual pathologic changes which are unique in 
some respects, involving many organs. 
The best known effect of thallium poisoning is the alopecia, which can be 
produced with regularity in mice, rats and other animals by prolonged feeding of 
small doses. This led to the use of thallium salts for the epilation of humans 
afflicted with tinea capitis. Cicero and Uruena pioneered in this treatment in 
1918, and Buschke and others used it widely in Germany and other countries. 
The toxicity of the metal caused such therapy to be abandoned in the United 
States, but it is still used extensively and successfully in Mexico. 
Other characteristic features of chronic thallium poisoning in the rat are cata-
ract formation, inflammatory hyperplasia of the fore-stomach, and osseous 
changes which are closely related to rickets in their pathologic and biochemical 
behavior. 
This clinical picture induced us to make a study of thallium poisoning when 
we became engaged in research on the effect of nutrition on chronic metal poison-
ing in general. The alopecia and the development of mature cataracts are so 
readily noticeable that we expected them to sewe as simple indicators which 
would enable us to study accurately and on a large scale the detoxifying action 
of various foods and vitamins. 
Furthermore, diffuse alopecia, cataracts, hyperplasia of the fore-stomach, and 
rickets are well known results of nutritional deficiencies, and our previous studies 
on chronic zinc poisoning of the rat had led us to believe that the toxicity of 
metals is due to their interference with enzyme systems, which gives rise to the 
symptoms. 
Buschke and his co-workers had attributed the pathologic manifestations of 
thallium poisoning to its action on the endocrine glands and the vegetative nerv-
ous system. Nevertheless, in their last publication (1), these authors made the 
following statement: "It seems that the type of nutrition plays a certain role in 
relation to the toxicity as well as to the pilotropic effect of thallium." They also 
*Received for publication December 1, 1947. 
1 This work was supported by a grant from the John and Mary R. Markle Foundation. 
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quote experiments by Levkovich and Hoffmann which demonstrate the differ-
ence between sheep fed on hay from those fed on fresh fodder or grass, in their 
response to thallium feeding. Another author, who refers to protection against 
thallium cataracts and other manifestations by nutritional factors, is Bietti (2). 
He could prevent the cataract formation and the alopecia by the addition of 
10-15 per cent brewers' yeast to the diet. This author's publication was not 
available to us when we were engaged in our experiments, because of war condi-
tions. 
The studies to be reported here were all carried out by using synthetic diets 
such as are employed in nutritional experiments on rats. This made it possible 
to regulate the amount of dietary protein and the supplements of vitamins and 
purified amino acids such as tryptophane, cystine, and methionine. We had 
found in experiments on acute and chronic toxicity that the synthetic diet was 
superior even to the modern stock diet widely used in animal experimentation. 
It was necessary to increase the thallium dosage which had been used by Buschke 
and others in order to obtain the alopecia within a reasonable length of time. 
The absence of cataracts in albino rats, even with advanced alopecia, soon 
became apparent, although comparable groups of black rats developed a high 
percentage of thallium cataracts. Buschke in his last experiments also en-
countered difficulties in producing the eye lesions of chronic tha1lium poisoning, 
and he attributed this to a difference in rat strains. Since we observed cataracts 
in albino rats of our highly inbred Sherman strain in preliminary experiments, 
when a low vitamin diet was fed, we are inclined to attribute these differences to 
a higher requirement of black rats for certain nutritional factors. However, our 
observations in regard to cataracts will be reserved for a later publication. 
The foregoing facts led us to use two methods to demonstrate the effect of 
nutrition on thallium poisoning of the rat: 
(1) A diet-was used which gave optimum growth and development in control 
animals. To this diet vitamins or amino acids were added in excess of the opti-
mal requirement, and fed to the groups of animals to be compared. 
(2) To study the effect of proteins and individual amino acids in some experi-
ments, a 10 per cent casein content was chosen for the food mixture instead of the 
conventional 20 per cent. This diet was supplemented by individual amino 
acids to be tested for their detoxifying action. In some groups 10 per cent gela-
tine was added, but since our synthetic diet was always supplemented by 1 per 
cent nicotinic acid, it did not have the unfavorable effect on .the nutrition of the 
animals which has been observed when nicotinic acid was absent (3). 
The results to be reported deal primarily with the behavior of the thallium alo-
pecia and its prevention by nutritional factors. 
Additional observations are reported on the greying of black rats as a result 
of chronic thallium poisoning, and on the effect of cystine on the mortality rate 
in experiments relating to acute and chronic toxicity. 
EXPERIMENTAL METHODS 
All experiments on chronic thallium poisoning were carried out in young rats. The 
feeding of thallium was begun shortly after weaning, when the animals had reached a weight 
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of 4Q-50 gm. All crucial experiments were carried out in litter mates, which were divided 
into the various experimental groups, A1 B1 C 1 D 1 denoting litter mates. 
The albino rats were a highly inbred strain (Sherman), and the black rats were gained 
from inbreeding hooded rats of the Long Evans strain until only black litters were ob-
tained. The animals were kept in individual cages and were carefully identified. The 
cages were provided with screen bottoms to prevent coprophagia. 
The basal diet was kept in food jars protected against spillage, and food consumption 
was measured when required by the type of experiment. 
As a rule, rats with chronic thallium poisoning have a good appetite and food intake is 
reduced considerably only a few days ante mortem. The vitamin supplements were fed 
by syringe tube 6 days a week. 
The thallium was given as thallium acetate in aqueous solution. The dose was calcu-
lated according to the body weight of each animal from week to week, and the solution fed 
by stomach tube 6 days a week. The thallium and vitamins were given at different times of 
the day. 
The animals were weighed once a week, at which time all clinical observations were re-
corded. The syringe feeding was given by one of the authors personally (E. R.), which 
offered further opportunity for a careful check on the symptomatology in each animal. 
The basal diet, unless specifically modified as mentioned in the text, consisted of the fol-
lowing:' 
Casein (Labco) ................. 20% Wheat germ oil (VioBin) ....... . 
Cerelose (glucose) .............. 67% Mazola ........................ . 
Salt mixture (Sure)... . . . . . . . . . . 6% Choline ........................ . 
The daily dose of vitamin supplements per rat was: 
Thiamine........ 25 micrograms Para-amino benzoic acid ...... . 
Riboflavin.. . . . . . 50 micrograms Inositol ...................... . 
Pyridoxine . . . . . . 40 micrograms Nicotinic acid ................ . 
Calcium pan-
tothenate ...... 10Q-150 micrograms 
Percomorph oil-2 drops-was fed twice a week 
THE EFFECT OF CYSTINE ON THE ALOPECIA 
2% 
5% 
0.3% 
3 mg. 
10 mg. 
1 mg. 
The results of several preliminary experiments had indicated that cystine had 
a decided effect on the alopecia produced by chronic thallium poisoning (fig. 1). 
The 3 series of experiments which were carried out to prove this fact will be re-
ported individually, because of certain differences in the diets and experimental 
conditions. 
In Experiment T 4 , 25 per cent casein was incorporated in the diet to make certain of an 
optimal protein supply for growth and development. Group B consisted of litter mates, 
fed the same diet, with the addition of 1 per cent cystine. Group C received 1 per cent 
cystine and 0.2 per cent tryptophane. The animals were fed 2 mg. of thallium per kilogram 
of body weight, the lowest dose used in our experiments. Groups A and B consisted of 16 
animals each, and Group C of 8 animals. There was an equal distribution of male and 
female rats, and the animals compared were litter mates of the same sex, i.e., A1 ci" B1 ci" D 1ci", 
A2 \;? B,\;1 C2 \;?. 
Figure 2 illustrates graphically the degree of alopecia which had developed after 16 
weeks, computed for each group. This was based on a classification of alopecia varying 
2 We wish to thank Dr. J. M. Carlisle of Merck and Company for the generous supply 
of vitamins and choline, Dr. G. J. Martin of National Drug Company for valuable amounts 
of cystine, methionine and tryptophane, and Dr. Ezra Levin of Vio-Bin Corporation 'for 
supplying us with stabilized wheat germ oil and defatted wheat germ. 
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from ± to ++++, which we had found sufficiently accurate after repeated and inde· 
pendent readings. 
As the height of the columns indicates, the animals receiving additional cystine 
(Group B) had lost considerably less hair than those in Group A. The addition 
of tryptophane had a slightly unfavorable effect, which was also observed in other 
series. The graphic illustration shows that the cystine-fed Group B developed 
only about 25 per cent of the alopecia shown by Group A, which had received no 
additional cystine. 
Space does not permit a charted description of the entire clinical course of 
individual animals, but it should be mentioned that the experiment was carried 
out for 30 weeks on the animals which survived. From the 16th week to the 
A 20% Casein 
B + 1% Cystine 
c + 1% Cystine 0.2% Tryptophane 
FIG. 1. ALOPECIA DuE TO CHRONIC THALLIUM POISONING 
Twenty per cent casein diet was used and compared with a diet to which cystine 1 per 
cent was added. Note the complete alopecia of animal A, and the almost normal appear-
ance of animals B and C . 
end of the experiment, the alopecia in the cystine protected group increased 
gradually, although there were 6 animals which, at the end of the 30-week period 
had lost scarcely any hair (0 to + alopecia). 
The high protein diet had a good effect on the animals in all 3 groups, as far as 
growth and survival period was concerned. 
To study further the effect of a qualitatively different protein, a parallel 
Group D was fed a 25 per cent protein diet, consisting of 10 per cent casein and 
38.5 per cent defatted wheat germ (VioBin) which contained 15 per cent of pro-
tein. There was no measurable effect of this diet on the alopecia, but when the 
experiment was terminated after 21 weeks, all of the 16 animals in the group 
were still alive and their average weight and appearance were better than that of 
the animals in the A group. 
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The next step in our study was Experiment T 6 • Male white rats were used throughout 
and the basal diet contained 10 per cent casein only. Group A consisted of 8 animals, 
Group B of litter mates receiving 2 per cent cystine in addition, and Group C of 6 litter 
mates receiving 0.2 per cent tryptophane. Group D of 8 litter mates was fed 2 per cent 
cystine and 0.2 per cent tryptophane. GroupE, consisting of 5 animals, served as a control 
for the 10 per cent casein diet, and Group F, with 5 animals, was the control for the diet 
containing an addition of 2 per cent cystine. The latter two groups, of course, received no 
thallium (fig. 2). 
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FIG. 2. EFFECT OF CYSTINE oN ALoPECIA DvJ!! TO CHRONIC THALLIUM PoiSONING 
Experiment T4: Group A-no additions; Group B- + 1 per cent cystine; Group C-
+ 1 per cent cystine and 0.2 per cent tryptophane; Group D-10 per cent casein and 15 per 
cent wheatgerm protein. 
Experiment Ts : Group A-no additions; Group C- + 0.2 per cent tryptophane; Group 
B- + 2 per cent cystine; Group D- + 2 per cent cystine, + 0.2 per cent tryptophane. 
Experiment Tta : Group A-no additions; Group B- + 2 mg. nicotinic acid; Group C-
+ 2 mg. nicotinic acid, 200 J.lg. riboflavin, 500 J.lg. calcium pantothenate; Group D- + 2 per 
cent cystine; GroupE- + 2 per cent cystine and 2 mg. nicotinic acid. 
The dose of thallium was 2.5 mg. per kilogram of body weight. The effect of 
the lowered casein content of the diet was quite conspicuous. During the first 
few weeks the animals were slower in gaining weight, the alopecia in the unpro-
tected animals appeared sooner than in the T4 group, the death rate was higher, 
and at times the thallium had to be withheld for several days, to keep the animals 
in Group A alive. The addition of tryptophane had no effect on the alopecia and 
general behavior of the rats. 
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In contrast, the animals in Group B, which were fed additional cystine, were 
kept alive for 25 weeks, and during this period showed either no loss of hair or an 
alopecia which developed late and remained in a mild form. Since a 10 per cent 
protein content of a synthetic diet is considered insufficient, a comparison of the 
weight curves is interesting. After 14 weeks, the average weight of the thallium-
poisoned animals was 161 gm. without cystine and 316 gm. when an additional 
2 per cent of cystine was fed. The control animals also showed a difference in 
favor of the group receiving a diet supplemented by cystine, namely, 245:302 
No additions 
+ 2% Cystine 
+ 0.2% Tryptophane 
+ 2% Cystine, 0.2% Trypto-
phane 
No additions 
+ 2% Cystine 
FIG. 3. DEGREE OF ALOPECIA AT 12 WEEKS IN LITTER MATES OF EXPERIMENT T 6 
Effect of cystine 2 per cent added to a 10 per cent casein diet is noted by normal coat and 
better weight of animals receiving thallium. Cystine effect on growth is also visible in 
controls. 
gm. after 14 weeks, and 322:351 gm. after 25 weeks. These figures show the 
protein-sparing action of the sulfur-containing amino acids, which has been 
known since Osborne and Mendel described it in 1915 (4). The favorable effect 
of cystine on weight in the control groups is moderate and the difference is further 
reduced as the animals grow older. In the experimental group, the weights of 
the animals fed cystine is practically double the weight of the unprotected 
animals. This has to be attributed to a specific action of cystine on the thallium 
intoxication. Further evidence of such action is obtained by the comparison of 
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the average weights of Groups Band F. It appears that at the end of 14 weeks 
of the experiment, there had been no effect of thallium on the growth as expressed 
by weight, when compared to the controls (fig. 3). 
Experiment T 13 was carried out on black rats of the Long Evans strain. It was ar-
ranged in 5 groups of animals and was designed to study the influence of vitamins given in 
excess of the optimum dose. Two groups of animals also received cystine. The diet dif-
fered in several respects from previous experiments. Para-amino benzoic acid and inositol 
were omitted. Nicotinic acid was included only in those groups in which the effect of addi-
tional vitamins was studied. The casein content of the diet was 20 per cent. 
A high thallium dose of 3 mg. per kilogram of body weight was chosen, in order to test the 
effectiveness of cystine at this higher level. 
In addition to the alopecia, the greying of the hair was observed before exten-
sive loss occurred. These animals also developed cataracts, which will be in-
cluded in another report. The results of this experiment are charted in figure 2. 
It can be noted that neither the addition of 2 mg. of nicotinic acid to the daily 
vitamin supplement, nor the increase of riboflavin by 200 micrograms and pan-
tothenic acid by 500 micrograms, had any appreciable effect on the development 
of alopecia. However, 2 per cent cystine added to the 20 per cent casein diet 
again had a decided effect in preventing the loss of hair, even though the dose of 
thallium was higher than in the previous experiments. The greying of the hair 
was complete, following somewhat the pattern of the greying caused by a de-
ficiency in pantothenic acid. The addition of pantothenic acid in multiples of 
the daily requirement of black rats did not prevent the development of canities. 
Only the animals receiving a diet supplemented by 2 per cent cystine showed 
considerably less greying, which was mostly of the pepper and salt type. 
The high dose of thallium used would speak against a simple detoxifying effect 
of the cystine. More probably, the action of cystine was specifically concerned 
with pigmentation. This view is supported by the findings of Pavcek and Baum 
(5), who were able to demonstrate the fact that grey hair in rats resulting from a 
pantothenic acid deficiency turned dark in a shorter time after dosing with 
pantothenic acid if cystine was added to the diet. 
COMPARISON OF THE EFFECT OF CYSTINE AND METHIONINE ON THE 
BIOLOGIC ACTION OF THALLIUM 
After the reduction of thallium toxicity by cystine had been established, it 
was necessary to investigate the question of whether other sulfur-containing 
amino acids would exert a similar action. Methionine was the logical choice, 
as considerable literature has accumulated on its detoxifying action. Further-
more, it is the amino acid which supplies the sulfur in the synthesis of cysteine 
and cystine, and therefore it was thought that differences in its action from that 
of cystine might throw further light on the mechanism of thallium poisoning. 
The arrangement of experiments using 4 per cent methionine as an addition 
to a diet containing 10 per cent casein encountered great difficulties. It was 
soon noticed that the animals looked badly and fell behind in their weight gains, 
compared to other groups. This was fortunately traced to a reduced intake of 
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food. We consulted Dr. Erwin Brand, who confirmed our impression by expe-
riences of his own. 
With the technical advice of Dr. Brand and Dr. Stetten from the Department 
of Biochemistry, we tested the effect of methionine which had been purified and 
freed of its pungent odor by ether extraction, and kept in a desiccator until it 
was added to the food mixture; in the following experiments, this ether extraction 
was performed at least twice a week. The added methionine was reduced to 
2 per cent. It was found in a preliminary group that the food intake of the 
experimental and control animals receiving 3 per cent ether-extracted methionine 
compared favorably with that of the other animals, especially those receiving the 
equivalent amount of cystine. 
The details of Experiment T 14, which had the object of comparing the action 
of methionine and cystine on chronic and acute thallium poisoning, were as 
follows: 
The diet consisted of casein 10 per cent, gelatin 10 per cent, cerelose 67 per cent, salts 
(Sure) 6 per cent, wheat germ oil 2 per cent, mazola (corn oil) 5 per cent, and choline 0.3 
per cent. The supplements were thiamine 30 micrograms, riboflavin 80 micrograms, pyri-
doxine 50 micrograms, calcium pantothenate 200 micrograms, nicotinic acid 1 mg., Labco 
filtrate factors 100 mg., para-amino benzoic acid 3 mg., inositol10 mg., fed 6 times per week 
by syringe tube, and percomorph oil 2 drops twice a week. 
The dose of thallium was 3.0 mg. per kilogram of body weight in the chronic poisoning ex-
periment, and 2.0 mg. per 100 gm. of body weight given in a single dose for acute poisoning. 
G B 1 8 plus thalhum 3 mg. per kilogram b 1 d" t 101 t" 
Group A 1-8~ . . basal diet 
roup - b d . h d .1 asa 1e 10 cys me Group C 1-8 ° Y weig t ai Y basal diet 2% methionine 
Group D 1-16! . Group E 1_16 controls-no thalhum 
Group F 1-16 
basal diet. 
basal diet 1% cystine 
basal diet 2% methionine 
All animals were white, male rats. Groups ABC were litter mates and Groups DEF were 
likewise litter mates. 
Food consumption of all the animals was checked throughout the duration of the chronic 
poisoning experiment, and for the control animals for the first 6 weelr.s. No appreciable 
differences in food consumption could be detected between the 3 control groups, and their 
weights compared favorably in the litter mates as well as for the entire groups. 
Figure 4 demonstrates the effect of added cystine and methionine on the 
alopecia and death rate of rats kept on a daily dose of 3.0 mg. of thallium. 
Despite the fact that this is a high dose and only 1 per cent of cystine was 
used as compared to 2 per cent in other experiments, the protective action of 
cystine can be gleaned from the chart. The A group expresses the lowered cys-
tine and methionine content of the diet accounted for by the use of 10 per cent 
casein and 10 per cent gelatin as the source of proteins. We see an early onset of 
alopecia in the third week of the feeding and rapid development of extensive or 
total (4+) alopecia. 
The death rate was high, beginning in the seventh week, and at the end of 
14 weeks when the experiment was discontinued, 6 out of 8 animals had suc-
cumbed to the poison. 
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The protective action of 1 per cent cystine during a 14-week period was un-
equivocal. The loss of hair in these animals was either mild or absent. 
Six of the 8 animals had survived at the termination of the experimental 
period. 
The group of animals receiving 2 per cent methionine showed a disparity be-
WEIGHT BE· MAXIMUM NUMBER OF DAYS 
RAT NUMBER FORE FEED- WEIGHT LOSS SURIVAL AFTER SYMPTOMS DIET INGTHAL- DURING THALLIUM 
LIUMDOSE POISONING ADMINISTRATION 
gm. 
T14 D9 167 19 Recovered Mild High vitamin, 10% 
DIO 204 18 Recovered Mild casein, 10% gela-
Dll 156 30 6 Severe tine 
D12 168 8 Recovered 
D13 182 40 6 Severe-diarrhea 
D14 183 30 6 Moderately severe 
D15 185 52 8 Severe-diarrhea 
D16 200 67 9 Severe-diarrhea 
T14 E9 221 0 Recovered Mild High vitamin, 10% 
EIO 220 16 Recovered Mild casein, 10% gela-
Ell 214 13 Recovered Mild tine + 1% l-cys-
E12 234 22 Recovered Mild tine 
E13 184 6 Recovered Mild 
E14 247 0 Recovered None 
E15 214 1 Recovered None 
E16 221 0 Recovered None 
T14 F9 178 25 6 Mild High vitamin, 10% 
FlO 187 56 Recovered Madera tely severe casein, 10% gela-
Fll 188 34 8 Severe-diarrhea tine + 2% dl-
F12 209 25 Recovered Mild Methionine 
F13 219 91 Recovered Severe-diarrhea 
F14 204 88 15 Severe-diarrhea 
F15 212 88 13 Severe-diarrhea 
F16 215 48 6 Severe-diarrhea 
Fw. 5. AcuTE THALLIUM PoiSONING, CoMPARING INFLUENCE OF' 1 PER CENT 
l-CYSTINE AND 2 PER CENT dl-METHIONINE ON SYMPTOMATOLOGY AND 
DEATH RATE 
D, E and Flitter mates, all 0', consist of control animals of Experiment Tu. Two milli-
grams per 100 gm. of body weight was the single dose of thallium, administered after ani-
mals had been 6 weeks on the experimental diets. Methionine had no apparent effect on 
weight loss, symptoms or mortality rate. 
tween the effect on the alopecia and on the death rate. No apparent protection 
was afforded by methionine against the incidence of death, compared to group A, 
but some delay in the occurrence of death can be noted. In its action on the 
alopecia methionine was inferior to cystine, but it was undoubtedly beneficial 
when we compare the animals of the A and C groups. The early death of animals 
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C3 and C4 prevented the development of more severe alopecia but in the animals 
C2, c., C1 and Cs the loss of hair was considerably inhibited. 
From this it could be concluded that cystine is a detoxifying agent against 
thallitim, and is superior to methionine in that respect. 
This was further borne out by an experiment on acute thallium poisoiJ.ing. The control 
animals of the preceding groups D, E and F were used for this purpose after they had been 
fed the experimental diets for 6 weeks. Twenty-four animals were given a single dose of 
2.5 mg. per kilogram of body weight. This dose was found too high, because it caused 
death in 100 per cent of the animals of unprotected group D. The remaining 24 control 
animals divided into 3 groups, D, E and F, were then given 2.0 mg. thallium per 100 gm. of 
WEIGHT BE- MAXI:M:Ull NUMBER OF DAYS 
liT NUMBER FO:i.E FEED- WEIGHT LOSS SURVIVAL AFTE:R SYHPTOHS DIET ING THAlr DURING THALLIUM 
LIUH DOSE POISONING ADmNISTR.ATION 
gm. 
T6 E1 353 103 8 f?evere-Diarrhea High vitamin, 10% 
T6 E2 344 50 Recovered Severe casein 
T6 E6 343 103 9 Severe-Diarrhea 
T6 E8 302 10 Recovered Mild 
T6 F1 392 14 Recovered None High vitamin, 10% 
T6 F2 330 15 Recovered None casein + 2% cys-
T6 F3 382 7 Recovered None tine 
T6 F5 374 29 Recovered Mild 
T6 F7 338 24 Recovered Mild 
Stock 1 315 101 5 Severe-Diarrhea Stock diet 
Stock 2 336 104 4 Severe-Diarrhea 
Stock 3 522 175 5 Severe-Diarrhea 
Stock 4 250 82 4 Severe-Diarrhea 
FIG. 6. AcuTE THALLIUM PmsoNING, CoMPARING THE EFFECT oF A SYNTHETIC DIET 
Low IN PROTEIN WITH THE STOCK DIET AND THE SYNTHETIC DIET WITH 
2 PER CENT CYSTINE ADDED 
Thallium acetate given in a single dose of 2.5 mg. per 100 gm. of body weight. 
body weight in one dose, after they had been kept for 6 weeks on the experimental diets. 
From figure 5 it can be seen that their weight before the administration of thallium dif-
fered somewhat. 
The average weights for group D, fed on the basal diet alone, were 180 gm.; 
for groupE, receiving 1 per cent cystine, 219 gm.; and for group F, receiving 2 
per cent methionine, 201 gm. 
The difference in weight between the rats fed cystine and those fed methionine 
was not significant enough to explain the results of the acute thallium poisoning. 
While all the animals protected by cystine showed only mild symptoms of tox-
icity and 100 per cent recovered, the symptoms of the animals receiving 2 per 
cent methionine were as severe as those of the unprotected group, and the death 
rate was the same for groups D and F, namely, 5 deaths in each group of 8 
animals. 
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Several other experiments in acute thallium poisoning had been performed 
previously and had proven to us satisfactorily the detoxifying effect of cystine. 
They cannot be reported in detail, but figure 6 is included because of the com-
parison between the synthetic diet, a stock diet, and a synthetic diet with the 
addition of 2 per cent cystine. The effect of cystine was again demonstrated by 
100 per cent survival. It can also be seen that the synthetic diet, although con-
taining only 10 per cent casein, gave a better protection against thallium poison-
ing than the commercial stock diet for rats widely used in the laboratories. 
DISCUSSION 
Thallium poisoning of the rat was studied with the purpose of demonstrating 
the influence of dietary factors on the symptomatology and course of chronic 
metal poisoning. 
The alopecia which develops from prolonged feeding of small doses of thallium 
proved a particularly useful means by which to judge the degree of protective 
action exerted by the various nutritional factors investigated. Since this alo-
pecia when fully developed is complete, the results can be easily observed by com-
paring litter mates fed different dietary supplements. 
The addition of vitamins, especially of pantothenic acid a.nd riboflavin in 
multiples of the amounts established as optimal for growth and maintenance of 
a normal coat of hair, did not influence significantly the development of the 
thallium alopecia. No effect was noted from the addition of inositol or para-
amino benzoic acid on the hair growth of the poisoned animals. This does not 
mean that these vitamins do not play a r6le in the mechanism of thallium poison-
ing. A reduction of the vitamin content to doses known to represent the min-
imum requirement of rats influenced unfavorably the clinical picture of thallium 
toxicity. 
In contrast to this, the action of cystine added to the diet in amounts varying 
from 1 to 2 per cent was unequivocal. It could be clearly demonstrated in those 
experiments where the casein content of the diet was as high as 25 per cent, but 
was more apparent when a 10 per cent casein diet was used. 
The addition of cystine to this diet had a moderate effect on the weights of 
control animals (those not receiving thallium) because of its protein-sparing 
action, but in the thallium fed animals these differences were far greater. The 
extensive alopecia which resulted from chronic thallium poisoning was impres-
sive by contrast with the absence or slight degree of hair loss in the cystine-
protected rats. 
Of considerable interest were the experiments comparing the action of 1 per 
cent l-cystine with that of 2 per cent dl-methionine. The death rate of chronic 
and acute thallium poisoning was effectively reduced by cystine, but was not 
influenced by methionine. The alopecia was less complete in the group of ani-
mals fed methionine than it was in the unprotected animals, while the animals 
under the influence of cystine either did not develop alopecia at all or lost only 
moderate amounts of hair, even though the experiment was carried on for 18 
weeks. 
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This difference in the protective action of the two sulfur-containing amino 
acids was in contrast to findings in chloroform poisoning and selenium toxicity. 
Miller and Whipple (6) have shown that the livers of protein-depleted dogs 
were highly susceptible to injury by chloroform. Methionine fed several hours 
before chloroform anesthesia gave complete protection against the poison. 
Cysteine in combination with choline gave equally good protection. 
Lewis, Schultz and Gortner (7) in studying selenium poisoning of young rats, 
found that on a low casein diet 0.45 to 0.89 per cent of methionine afforded pro-
tection similar to that of a 30 per cent casein diet. Cystine added to the low 
protein diet in amounts equivalent to methionine did not significantly increase 
the period of survival or improve growth in the presence of selenium. 
Our findings indicate that cystine affords a greater protection against thallium 
than equivalent amounts of methionine. 
As was originally postulated by Brand (8) and his co-worker, the first step in 
the conversion of homocysteine to cysteine is the formation of a thio-ether, which 
is now known as cystathionine. The splitting of cystathionine into cysteine 
by liver slices or a saline extract of rat livers was demonstrated by Binkley, 
Anslow and du Vigneaud (9). Stetten (10) indicated that the carbon chain of 
cysteine was furnished by serine. Kilmer and du Vigneaud (11) proved by 
isotope technic that methionine furnished only the sulfur of cysteine and that 
none of the methionine carbon is incorporated. 
Since the origin of sulfur in cystine and keratin has long interested dermatolo-
gists, a diagram of this mechanism is given in figure 7 (15). 
The proportion of 2 per cent methionine to 1 per cent cystine in our experi-
ments was chosen on the basis of the presence of 1 sulfur atom in methionine and 
2 sulfur atoms in cystine. The methionine used was a mixture of the l- and 
d-isomers, and cystine was available as the Z-isomer. Jackson and Block (12) 
have shown in experiments with rats that both d- and l-methionine effectively 
supplement a ration deficient in cystine and methionine. They believe that the 
unnatural (d) isomer is converted by the animal into the natural Z-methionine 
by enzymatic action. Albanese and his co-workers (13) showed that man is 
able to utilize d-methionine, while the unnatural isomers of tryptophane and 
phenyl-alanine are not readily utilized. 
The fact that the rat under normal conditions is able to utilize d-methionine 
for growth is important for the following considerations: Du Vigneaud, Brown 
and Chandler (14) have shown that Z-cystathionine (which is formed in the 
process of transsulfuration) supports the growth of white rats on a cystine-free 
diet, low in methionine. In continuation of their work, Anslow, Simmonds and 
du Vigneaud (16) synthesized the four isomers, which they had postulated for 
the formula of cystathionine. When tested on rats kept on a low methionine, 
cystine-free diet, only l( +)-cystathionine and Z(- )-allocystathionine supported 
growth; d(- )-cystathionine and d( + )-allocystathionine did not. Anslow and 
du Vigneaud (17) found the explanation in the fact that the extract of rat livers, 
which cleaved Z-cystathionine to cysteine, did not cleaved-cystathionine. The 
cleavage of d-allocystathionine led to d-cysteine, which does not support growth 
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in the rat. The action of the liver extract on l-allocystathionine led to the for-
mation of homocysteine and not of cysteine. From this it is apparent that only 
l( +)-cystathionine is cleaved into l-cysteine and that the cleavage of l(- )-
allocystathionine furnishes l-homocysteine, which can be converted to l-cysteine 
by transsulfuration. 
The rat can convert d-methionine and d-homocysteine (18) to the natural 
isomers. The findings in our experiments, that 2 per cent dl-methionine 
does not reduce the death rate in acute and chronic thallium poisoning, 
while 1 per cent l-cystine does protect the animals to a considerable degree, 
justifies the following question: Is dl-methionine less effective than cystine in 
detoxifying thallium when fed in equivalent amounts, because the action of 
COOH 
I 
H2N-C-H 
I 
CHs H-C-H 
I I 
s H-C-H 
I I 
CH2 s SH 
I I I 
CHs H-C-H CH2 
I I I 
CHNH2 H-C-NH2 CHNH2 
I I I 
COOH COOH COOH 
= 0 I 
= 0 + 
FIG. 7. THE CoNVERSION OF METIDONINE TO CYSTEINE, AccoRDING TO PUBLICATIONS BY 
BRAND, DU VIGNEAUD, AND OTHERS AND AFTER A DIAGRAM BY C. FROMAGEOT (15) 
thallium blocks the conversion of d-methionine and d-horn.ocysteine to the 
naturally occurring l-isomer? This blocking could come about either by direct 
inhibition of an enzyme necessary for the conversion, or by the formation of a 
compound of the d-amino acid with thallium, which cannot be converted into the 
natural isomer. If we can draw any conclusions from the mechanism of the 
catalytic action of metals on sulfhydryl compounds, which could apply equally 
to the effect of toxic doses of these metals (Arndt-Schulz law of diphasic action 
of enzyme poisons (19), it would seem more probable that a compound is formed 
between thallium and the sulfhydryl group of homocysteine. Such a com-
plex formation between the SH group and the metal takes place, according to 
Michaelis (20), in the metal catalysis of the so called auto-oxidation of cysteine. 
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This interpretation could be applied to the effect of thallium, by assuming that 
it combines also with Z-homocysteine and Z-cysteine, both of which have a 
free SH group. This would result in a deficiency in cystine, leading to the 
alopecia of chronic thallotoxicosis. Because of the high cystine requirements 
of hair, the alopecia remains the predominant clinical sign if the dose of thallium 
is kept low enough. Recovery of such animals takes place promptly when 
administration of thallium is discontinued. The other manifestations of chronic 
and acute thallium poisoning could be explained by a more severe deficiency in 
cystine, due to the higher dosage of thallium. When this lack of cystine is 
sufficient to cause a deficiency or blocking of enzyme proteins and glutathione, 
which depend on cystine for their SH and S-S groups, severe organic lesions 
develop, rapid loss of weight occurs, and the animal dies. The slight effect of 
large doses of vitamins on the course of chronic poisoning with thallium in our 
experiments suggests that the action of this metal is concerned more with the 
protein part of enzymes than with the prosthetic groups. 
The affinity of thallium to the sulfhydryl groups could have been further 
clarified by comparing the effect of cystine with that of 2,3 dimercaptopropanol 
(21). Unfortunately the British Anti-Lewisite was not available to us at the 
time our studies on thallium poisoning were carried out. It seems probable, how-
ever, that BAL can be used effectively in human thallotoxicosis. It remains to 
be seen whether the availability of an effective antidote will win new favor for 
the use of thallium in tinea capitis. 
Thallium epilation is still being practised routinely in certain countries. Here 
a comparison of the nutritional history and status of children who show toxic 
symptoms following a therapeutic application of thallium and those free of 
sequelae could be made to substantiate the relation of thallium toxicity to 
nutrition. 
CONCLUSIONS 
Experiments with rats kept on synthetic diets proved that nutrition plays an 
important r6le in chronic and acute thallium poisoning. 
Cystine, when added in amounts of 1 to 2 per cent to the diet, delayed the 
development of alopecia due to chronic thallotoxicosis, and increased the sur-
vival period of the animals by many weeks. It also reduced the mortality rate 
of acute thallium poisoning. 
The addition of 2 per cent dl-methionine was less effective than 1 per cent 
Z-cystine. 
Greying of black rats due to thallium was not prevented by pantothenic acid 
given in multiples of the optimal dose, but was considerably reduced by the 
addition to the diet of 2 per cent cystine. 
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